Context. Segmented primary mirrors are indispensable to master the steady increase in spatial resolution. Phasing optics systems must reduce segment misalignments to guarantee the high optical quality required for astronomical science programs. Aims. Modern telescopes routinely use adaptive optics systems to compensate for the atmosphere and use laser-guide-stars to create artificial stars as bright references in the field of observation. Because multiple laser-guide-star adaptive optics are being implemented in all major observatories, we propose to use man-made stars not only for adaptive optics, but for phasing optics. Methods. We propose a method called the doublet-wavelength coherence technique (DWCT), exploiting the D lines of sodium in the mesosphere using laser guide-stars. The signal coherence properties are then used. Results. The DWCT capture range exceeds current abilities by a factor of 100. It represents a change in paradigm by improving the phasing optics capture range from micrometric to millimetric. It thereby potentially eliminates the need of a man-made mechanical pre-phasing step. Conclusions. Extremely large telescopes require hundreds of segments, several of which need to be substituted on a daily basis to be recoated. The DWCT relaxes mechanical integration requirements and speeds up integration and re-integration process.
Introduction
Adaptive optics (AO) enables obtaining diffraction-limited imaging provided that a guiding light-source is used as a reference for the wavefront correction. Bright natural stars are required for this, but the sky coverage is unfavorably low, in particular in the visible wavelength range. To overcome this limitation, artificial laser-guide-stars (LGSs) have been proposed in the 1980s (Foy & Labeyrie 1985) to create a source that lies above the turbulent layers of the atmosphere.
LGS-based AO systems are now routinely used in all leading observatories (e.g., Keck, Gemini, ESO/VLT, and Lick), and multiple LGS AO systems are intensively employed, as demonstrated by the four LGSs that simultaneously shone above the Unit 4 telescope (UT4) at ESO's VLT in early May 2016.
Different types of lasers are suitable for AO applications, but the most recent LGS systems make use of mesospheric scattering of a sodium laser. The principle of the sodium guide star is to tune the wavelength of the laser radiation to a resonance of sodium atoms at 589 nm (D2 line). Sodium atoms, naturally present in the mesosphere at an altitude of 95 km (on average), will absorb laser light and subsequently emit fluorescence at the same wavelength. The intensity of the created star depends on the amount of sodium atoms present at the altitude of the mesospheric sodium layer. In this context, various astronomical and atmospherical studies have been conducted over the past decades to understand the temporal and spatial characteristics of the atmosphere sodium layer (e.g., Ge et al. 1998; Patriarchi & Cacciani 1999; Ageorges & Hubin 2000; Slanger et al. 2005; Plane et al. 2012) .
The future of ground-based astronomy in the next decades is bound to the next generation of extremely large telescopes Send offprint requests to: patrice.martinez@oca.eu (ELTs). ELTs represent a major change in dimension, wavefront control strategies, and execution time. The wavefront control of ELTs includes three main systems: the aforementioned AO system that corrects for the atmospheric turbulence, active optics that correct for misalignments and deformations of the telescope adaptive mirror, and phasing optics that correct for the misalignment of individual segments of the primary mirror. Generally, cophasing is a three-step procedure to correct for the initial misalignment imposed by mechanical structure constraints to the final alignment: (1) a mechanical pre-phasing step using handheld optical tools, (2) a coarse-phasing step using a dedicated phasing sensor, and (3) a fine-phasing step at high precision using a dedicated phasing sensor.
Step (1) will be critical for ELTs because their primary mirrors require hundreds of segments, several of which will frequently need to be substituted for recoating (the reflectivity coating lifetime is generally limited to 18 months). In this context, mechanical integration and step (1) must reduce the piston error to the capture range of actual optical cophasing sensors. Enlarging this capture range is indispensable to relax mechanical integration requirements and to speed up integration and re-integration process before the observing run.
Conventional coarse-phasing techniques use multiple wavelength or coherence methods (e.g., Chanan et al. 1998; Vigan et al. 2011) to increase the capture range of the phasing sensor, which is limited by the so-called π-ambiguity otherwise. These methods successfully enlarge the initial capture range of a cophasing sensor to ∼ 10 µm rms. With the method we propose, segments of a telescope can reliably be phased from a rms piston error of more than 1000 µm. Our method is called the doubletwavelength coherence technic (DWCT) and does not require any hardware, except for the LGSs offered by the telescope. The DWCT is a new solution based on multiple LGSs lasing at differ-ent wavelengths through the analysis of the coherence signature in the resulting cophasing sensor signal. Because it exceeds the actual extended capture range of the cophasing sensor by a factor of 100, it might eliminate the need of the man-made mechanical pre-phasing step (1) along with inherent stability and compatibility independent of the phasing sensor type.
In the following sections, the general background of phasing optics is introduced, and conventional coarse measurement techniques (multiwavelength and coherence methods) are presented for pedagogical reasons and because they are considered the basis for this work. Then the theory of the proposed DWCT and its advantages and limitations are discussed.
Cophasing background
The initial difference in the optical path between segments before cophasing is turned on typically is about 100 µm. This is imposed by the mechanical structure tolerance, step (1), and the residual after step (2) is expected to be of ∼ 100 nm, which is ultimately reduced to ∼ 10 nm after step (3). This gives rough numbers of misalignment levels and/or expected residuals that a phasing sensor has to cope with. On the other hand, the capture range of a cophasing sensor is strictly limited, and it characterizes its ability to detect misalignment phases over a given range of wavelengths. The capture range can be either defined in monochromatic (intrinsic capture range) or broadband light (extended capture range), with remarkable differences.
In monochromatic light, a phasing sensor signal (S) is proportional to a sinusoidal function of the wavefront step height such as
where k 0 = 2π/λ 0 is the wave number, λ 0 is the working wavelength (assumed monochromatic), A and C are constants, and /2 is the physical mirror step height. Equation 1 trivially introduces the well-known problem of any cophasing sensor in the monochromatic regime, the so-called λ-ambiguity. For simplicity reasons and without loss of generality, we omit the constant A in the next developments.
λ-ambiguity problem
Because the estimated signal (Eq. 1) is λ-periodic, the capture range is strictly limited to the non-ambiguous range of the sine function. This problem appears in all phasing sensors operating in monochromatic light, and limits the capture range to ± λ/2, the so-called π-ambiguity. Within the capture range, the piston can be corrected unambiguously. But if the edge piston error between two segments is larger than λ/2, phasing the two segments with zero phase error cannot be achieved, only to the nearest integer (n) multiple of the wavelength. As a consequence, instead of being phased to zero, various segments will be phased with an ambiguity left of nλ. To overcome this problem and to increase the capture range of phasing sensors, conventional techniques based on multiwavelength or coherence analysis (broadband light) have been proposed.
Solving the λ-ambiguity

Multiwavelength method
The multiwavelength method performs successive phasing at two (or more) different and discrete wavelengths using two optical filters (λ 1 and λ 2 ) to determine the ambiguity n for every segment. The method is straightforward because the piston difference between the two phased positions successively obtained at λ 1 and λ 2 is related to the ambiguity n and the two wavelengths. The capture range in the multiwavelength scheme is limited to ±Λ/2, where Λ is the synthetic wavelength equal to
This method is still limited by the periodic nature of the signal functions at the two wavelengths, however. This imposes a rigid condition to the selection of the two wavelengths: the ambiguity n must be identical for the two selected wavelengths, thus limiting the achievable capture range to some extent. This method has been successfully demonstrated with several cophasing sensors (Pinna et al. 2006; Vigan et al. 2011; Surdej 2011 ).
Coherence method
The coherence technique uses the coherence length in broadband light of an optical filter with a finite spectral bandwidth δλ F . This method takes advantage of the wavelength-dependent signature in the Fourier space to extend the capture range beyond the π-ambiguity restriction. This signature exhibits a coherence envelope, whose characteristic scale is the so-called coherence length of the optical filter and is given by
where λ is the central wavelength. In this context, Eq. 1 still applies in broadband light except that C is no longer a constant but a function of k. By assuming a Gaussian bandpass in k centered on k 0 , we can write the filter profile function as
where σ is given by
and using Eq. 3, σ can be expressed as function of the coherence length such as
and thus summing over all the wavelengths, that is, integrating over k replacing C by P(k), the broadband sensor signal can finally be approximated to
In broadband light, the sensor signal is still proportional to a sine function of the wavefront step height, but modulated by a Gaussian distribution. Thus the periodic nature of the sine is no longer a problem because it decays as the wavefront step height error increases. This corresponds to the coherence signature that can be exploited. When individual segments are successively poked by varying heights in the wavefront step, the estimated signal will describe a sinusoidal function (λ-periodic) modulated by the Fourier transform of the optical filter profile function (the coherence envelope). Analyzing the variation in the measured coherence function enables us to identify and correct for the n ambiguity for every segment. The capture range of the phasing sensor is then enhanced to ± L c . Because the characteristic scale of the measured coherence function is the coherence length of the optical filter, the selection of the optical filter bandpass (δλ F ) is critical to match the range of piston errors that is expected to occur at the expense of precision, and vice versa. This method has been validated with several cophasing sensors with carefully selected bandpasses (e.g., Chanan et al. 1998; Surdej 2011 ).
Discussion
Using these techniques, the capture range can be extended from the half-wave limitation to a few tens of µm (typically up to 10 µm) upon the method selected (e.g., Chanan et al. 1998; Vigan et al. 2011; Surdej 2011) . Another method exploiting the coherence signature introduced by a liquid crystal tunable filter (Bonaglia et al. 2008) shows an even greater capture range (50 µm). However relevant and efficient, these techniques have the disadvantage that they require special hardware and use a timeconsuming iterative process by repeating the calibration process for multiple filters or wavelengths. The coherence method must start with a narrow bandwidth filter that covers a broad range of pistons at the expense of reduced accuracy, and the filter bandwidth is increased iteratively to improve the precision at the bestfit alignment. In addition, the achieved capture range does not mean that the optical phasing operation can be omitted from the mechanical pre-phased step (1). It is still worth exploring new methods that will ultimately not be affected by these constraints.
Doublet-wavelength coherence technique
The DWCT exploits a coherence signature using two wavelengths simultaneously. For the sake of generality, it is assumed in the following that the two lines are non-equal in intensity.
Analytical treatment
We consider two simultaneous and discrete lines at wavelength λ 1 and λ 2 , with associated intensity I 1 and I 2 . For simplicity reasons, we first assume that the spectral distributions of the two lines are described by Dirac functions. We note by µ the ratio of the two line intensities (µ = I 2 /I 1 1). Again, Eq. 1 still applies in this case, but C is a function of k, and the sensor signal is still proportional to a sine function of the wavefront step height, but modulated by a cosine distribution. The signal sensor is given by
where ∆λ is the wavelength separation between the two lines (∆λ = λ 2 − λ 1 ) , and λ c = (λ 1 + λ 2 ) /2 is the central wavelength. The modulation introduced by the cosine function is the expression of the coherence signature in the particular case of a doublet-line system. Nevertheless, since the cosine function is ∆λ-periodic, it does not solve the π-ambiguity problem. However, the spectral distribution of the two lines is not described by Dirac but by Gaussian functions following Eq. 4, but where σ = σ c such that
where δλ is the line width. Assuming Eq. 4 for the line profiles, it modifies Eq. 8 to
The sensor signal is still proportional to a sine function of the wavefront step height, but modulated by a cosine distribution (because of the simultaneous two lines), itself modulated by a Gaussian distribution (because of the broadband nature of the two lines). The periodic nature of the sine is no longer a problem because it decays as the wavefront step height error increases (as for the coherence method). This corresponds to the coherence signature that can be exploited. Similarly to the coherence length defined in Eq. 3 for the coherence method, a coherence length, denoted L c , can be associated with the Gaussian function introduced in Eq. 10, and is given by
Finally, Eq. 9 can be expressed as function of the coherence length as
Practical considerations and required technology
Figure 1 compares a cophasing sensor signal in three different states: (a) within the monochromatic domain at 589 nm (top panel), (b) using the coherence method at 589 nm with δλ F = 20 nm (middle panel), and finally (c) using the DWCT assuming λ 1 = 589.0 nm and λ 2 = 589.6 nm, with ∆λ = 0.6 nm and δλ = 0.05 nm (bottom panel). The increase in capture range delivered by the coherence method over the monochromatic regime, from (a) to (b), and by the DWCT over the coherence method, from (b) to (c), are readily observable. The DWCT gives access to a range of wavefront step heights on the order of a few mm that is not accessible with current techniques. We note that the general description of the DWCT has been verified with the self-coherent camera-phasing sensor (SCC-PS, JaninPotiron et al. 2016 ) by means of numerical simulations. Since L c is inversely proportional to the filter bandpass δλ F and L c is inversely proportional to the line width δλ, it is trivial to see that L c L c because δλ F δλ. This leads to a gain of at least a factor of 100 in the capture range of the DWCT over the coherence method. Now, the precision at the best-fit alignment must be discussed. The coherence method indeed changes the spectral bandwidth of the optical filter (by changing the filter) during operation to improve the accuracy of the best-fit alignment. The measurements start with a narrow bandwidth filter (∼10 nm) covering a broad range of pistons at the expense of limited accuracy (the highest coherence corresponding to the best-fit alignment, i.e., the central oscillation of the sine term is diluted in the numerous oscillations contained inside the exponential envelope, see Fig. 1 middle panel) . The bandwidth of the optical filter is then increased (∼100 nm) to improve the measurement precision of the best-fit alignment. Exploiting the narrowband nature of a single line LGS, or in other words, applying the coherence method with a single-and mono-line LGS, would then improve the capture range, but at the expense of the precision of the coherence method. A single-line LGS opens access to step (1), but cannot replace the coherence method as a step (2).
With the DWCT, the doublet-line introduces an additional cosine term to the sensor signal (see Eq. 10). Figure 1 (bottom panel) illustrates the three components contained in the sensor signal: the exponential envelope, the cosine term (black lobes), and the sine term included in each lobe of the cosine term (here undistinguishable). This specific cosine signature in the signal is fundamental to identifying the central one and thereby guarantees the precision of the best-fit alignment. Around its position, individual segments can then be successively poked by varying wavefront step heights to scan over the sine term where the final best-fit position can be found with accuracy. The width of these lobes are on the order of a tenth of mm, therefore we can expect to reach µm or ultimately sub-µm accuracy. While the first level would reduce the piston error to the capture range of step (2), the second level would eventually lead to step (3).
A practical implementation of the DWCT could take form either as the simultaneous use of two LGSs lasing at two different sodium D lines, or using a single LGS lasing on the D1 and D2 lines simultaneously. While the first alternative is certainly more convenient, successful laboratory demonstration of lasing on the D lines of sodium has been successfully demonstrated (Hewitt & Eden 2012) .
Conclusion
The simplified description given in this paper is not thoroughly satisfactory because LGS systems are rather complex. Nonetheless, the preliminary analysis of the DWCT with LGSs suggests that the approach is worthy of interest. By using both the coherence and the double-line properties, the DWCT simultaneously grants access to steps (1) and (2) in one single interferogram and thus represents an enhancement of the coherence method. Advantages are not only the broad capture range, but also the inherent stability of the method, because the response coherence curve is Gaussian, and not periodic. The method is well suited to the re-integration of segments (or integration of spare segments) on a daily basis that return from re-coating. The DWCT improves the phasing optics capture paradigm to the millimetric domain and makes the man-made mechanical prephasing step redundant This will accelerate the coarse-phasing step before the final fine-phasing step. If that lasing on multiple sodium D lines can be implemented, then the DWCT is a powerful tool that can also be used with phasing sensor designs. Applications to multi-aperture interferometric arrays still need to be explored. Fig. 1 . Cophasing sensor signal as a function of the wavefront step: in the monochromatic regime (top) intrinsically limited by the π-ambiguity, using the coherence method (middle) with an extended capture range of ±L c , and using the doubletwavelength coherence method (bottom) with a broad capture range limited to ±L c .
